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Abstract 


20% water. has lower heat capacity, surface tension, and flash point than 
ethylene glycol, and undergoes almost identical expansion heating. Its 
aqueous solutions exhibit maxima specific gravity and viscosity solute 
concentrations 90% but not distil azeotropically. Swelling and 
softening immersed natural and synthetic rubber compounds were more 
serious with tetrahydrofurfuryl alcohol than with ethylene glycol, but only 
small differences were shown radiator hose connections after lengthy immersion 
and driving tests. The viscosity anhydrous glycol blends having freezing 
points —50° varies greatly with the glycol employed second component, 
ethylene glycol glycol being the least viscous the six binary 
glycol solutions studied. Substitution tetrahydrofurfuryl acohol for the 
second glycol component reduces the viscosity but necessitates use higher 
concentrations for equivalent freezing point lowering. 


Introduction 


The most interesting development engine coolants during the decade 
preceding World War pertained the use pure ethylene glycol 
high temperature coolant for aircraft (10, 16). According Cox and 
Clapsaddle (7, 8), the liquid range ethylene glycol greatly extended 
this application the addition second glycol. Information was not 
provided, however, the relative suitability the glycols mentioned the 
Cox patents the many that have since become available commercial 
quantities. Although anhydrous ethylene glycol glycol blends have not 
been used extensively high temperature coolants, demonstration the 
advantages high temperature liquid cooling paved the way for the pres- 
surized glycol-water cooling systems (9) service aircraft and ground vehicles 
well certain postwar automobiles. 


Cairns (2) and Schenck and Gellendien (17) have claimed the use 
tetrahydrofurfuryl alcohol (T.H.F.A.) freezing point depressant for 
water and component ternary aqueous systems. The information 
provided them was limited freezing point data and did not indicate 
superiority over compounds then use. According Cairns (2), the 
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viscosity aqueous glycerol solutions lowered the addition tetra- 
hydrofurfuryl alcohol. Freezing point data for 
glycerol water showed, however, that the freezing point increased with 
progressive substitution alcohol for glycerol (2). 
sponding data were not provided the viscosity changes, and the value 
alcohol this application has accordingly remained 
uncertain. third component for use with aqueous 
tetrahydrofurfuryl alcohol actually proved less effective accessory 
freezing point depressant and thinning agent than methanol, ethanol, 
ethylene glycol (6). 

The present investigation was undertaken assess the usefulness 
alcohol antifreeze when used alone, and when mixed 
with water with anhydrous glycols low molecular weight. series 
anhydrous glycol mixtures was also investigated with respect freezing point 
and viscosity low temperatures. 


Materials and Methods 


With the exception the chemicals employed this 
study were obtained from the Eastman Kodak Laboratories. The poly- 
ethylene glycols and dipropylene glycol were used 
hydrofurfuryl alcohol, ethylene glycol, propylene glycol, 
and trimethylene glycol were redistilled vacuo, employing in. Stedman 
column. The solutions were freshly prepared accurate weighing and their 
compositions are expressed this basis. 


Specific heat measurements were made the electrical heating method 
described Clark, Waldeland, and Cross adopted stirring rate 
caused maximum temperature change during the five minute 
heating period. The alcohol content alcohol was 
determined applying the Hughes and Acree bromine method for furfural 
20-gm. samples. Contents 0.03 0.07% were shown the 
alcohol samples employed these studies. The remaining 
methods have been described earlier papers (4-6). 

Values for the boiling point and refractive index for tetrahydrofurfuryl 
alcohol that have been reported previously show good agreement with the 
present observations (Table I). Constant boiling mixtures were not obtained 
distillation dilute aqueous solutions. The density values Table differ 
considerably, our data showing closest agreement with that Wienhaus (18). 


Results 


The data Fig. show that tetrahydrofurfuryl alcohol decidedly less 
effective than ethylene glycol freezing point depressant for water 
solute concentrations 60%. When the solute concentration 80% 
higher, the freezing point tetrahydrofurfuryl alcohol water below 
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TABLE 


PHYSICAL CONSTANTS FOR TETRAHYDROFURFURYL ALCOHOL 


) h ( ) B f ( ) ewe Author’s 

Heilbron (12)| Wienhaus (18) |Balfe (1)| chemistry 
and physics observations 


1.0490 


Refractive 1.4505 1.4517 1.4529 1.4502 1.4507 
index 
Boiling 177 750 mm. 177.9 177-8 178 760 mm. 
point, 85-86 743 mm. 105at 72mm. 
mm. 86at 26mm. 


% SOLUTE 


points aqueous tetrahydrofurfuryl alcohol and aqueous ethylene 
glycol 


(—100° F.). Pure tetrahydrofurfuryl alcohol could not induced 
crystallize even the temperature liquid air. The freezing point 
ethylene rises sharply the solute concentration increased from 
100%. 80, 90, and 100% concentrations, the additional protection 
against freezing that provided tetrahydrofurfuryl alcohol amounts 
30°, 45°, and 60° C., respectively. Evaporation water addition the 
pure solute does not lead diminished protection with concentrated aqueous 


alcohol solutions the case eutectic ethylene glycol 
water mixtures. 
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Figs. and present freezing point data for anhydrous glycol solutions, 
From these may seen that ethylene glycol definitely superior 
2,3-butanediol component anhydrous antifreeze mixtures. Higher 


FREEZING POINT, 


ETHYLENE GLYCOL 


Fic. Freezing points anhydrous ethylene glycol solutions. 
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proportions tetrahydrofurfuryl alcohol are required reducing the freezing 
point ethylene glycol than when glycols low molecular weight, such 
trimethylene glycol, are employed. Freezing point determinations 
glycol polyethylene glycol blends indicated advantage for deviations 
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from the proportion recommended Cox (7). The freezing points 
anhydrous alcohol glycol blends the other hand were 
reduced very low temperatures when the concentration tetrahydrofurfuryl 
alcohol was increased beyond 50%. 

The glycol blends referred Fig. show higher viscosity values 
than pure ethylene glycol and are extremely viscous low tempera- 
tures. Kinematic viscosity values 1000 and 500 centistokes are attained 


x 

5 ETHYLENE GLYCOL -DIPROPYLENE 

GLYCOL 

ETHYLENE GLYCOL~ PROPYLENE 

GLYCOL 

ETHYLENE GLYCOL- TETRAE THYLENE 

a GLYCOL 


ETHYLENE GLYCOL ~ TRIE THYLENE 


VISCOSITY, 


TEMPERATURE, 


Kinematic viscosity anhydrous ethylene glycol solutions (1:1) low tem- 


tively. The polyethylene glycol blends are less viscous than those prepared 
with propylene dipropylene glycol, and, within the polyethylene glycols, 
the expected relation molecular size exhibited. The data Fig. also 
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indicate interesting effect position isomerism: —40° —50°C, 
ethylene glycol propylene glycol (1,2-propanediol) one the most viscous, 
whereas ethylene glycol glycol (1,3-propanediol) the least 
viscous the blends reported this figure. 


The particular point interest the data Fig. that all the tetra- 
alcohol solutions show considerably lower viscosity values than 
pure ethylene glycol between 20° and —10°C. 80% tetrahydrofurfuryl 


50% TETRAHYDROFURFURYL ALCOHOL 
50% ETHYLENE GLYCOL 


-40 -30 -20 -10 +10 


CENTISTOKES 


LOG. 


VISCOSITY, 


1-75 


KINEMATIC 


0-75 


Fic. Kinematic viscosity tetrahydrofurfuryl alcohol and tetrahydrofurfuryl alcohol 
solutions low temperatures. 


alcohol 20% water considerably more viscous than pure tetrahydrofurfuryl 
alcohol low temperatures. Kinematic viscosity data presented elsewhere 
(4) show that 60% ethylene glycol 40% water less viscous than 80% 


alcohol 20% water and more viscous than pure tetra- 
hydrofurfuryl alcohol between —20° and —50° 


Aqueous tetrahydrofurfuryl alcohol solutions 20° exhibit maximum 
equimolar proportions the two components (Fig. corresponding 
absolute viscosity values (centipoises) show similar changes with concentration: 
100% tetrahydrofurfuryl alcohol, 6.24; 90%, 7.89; 80%, 7.85; 60%, 5.77; 
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40%, 3.56; 20%, 1.92. should noted that viscosity maxima are also 
exhibited aqueous solutions methanol, ethanol, propanol, allyl alcohol, 
and certain monocarboxylic acids (14), but are not shown glycols (15) 
dicarboxylic acids (14). 


MOLE FRACTION OF 


CENTISTOKES 


AT 20 


VISCOSITY 


KINEMATIC 


% TETRAHYOROFURFURYL ALCOHOL 


Fic. Kinematic viscosity aqueous tetrahydrofurfuryl alcohol solutions 20° 


Aqueous tetrahydrofurfuryl alcohol solutions also attain maximum 
specific gravity concentration 90% (Fig. 7). Since simple 


SPECIFIC GRAVITY 


TETRAHYOROFURFURYL ALCOHOL 


Fic. gravity aqueous tetrahydrofurfuryl alcohol solutions 20° and 


relation does not exist between tetrahydrofurfuryl alcohol concentration and 
density, hydrometers are less suitable for the practical testing tetrahydro- 
furfuryl alcohol solutions than currently used antifreeze mixtures. Density 
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maxima are similarly shown aqueous solutions glycols above ethylene 
glycol, propane-, butane- and pentanediol position isomers (15), but 
not aqueous solutions ethylene glycol monohydric alcohols having 
relatively low molecular weights. 


Table indicates that thermal expansion remains relatively constant 
alcohol contents 100%. Considerable contraction 
occurs mixing tetrahydrofurfuryl alcohol with water and heat evolved, 


TABLE 


REFRACTIVE INDEX, THERMAL EXPANSION, AND CONTRACTION MIXING 
AQUEOUS TETRAHYDROFURFURYL ALCOHOL SOLUTIONS 


Thermal Contraction mixing, per 
T.H.F.A. Refractive expansion 100 ml. initial volume 
weight index 25°C. 20°— 37.8°C. 
1.3834 0.44 2.01 1.97 
1.4080 0.54 1.91 
1.4309 0.51 1.475 1.41 
1.4411 0.51 0.87 0.86 
100 1.4507 0.52 


Maximum contraction was observed alcohol contents 
60%, and contraction was consistently greater than the 
higher temperature. 


Tetrahydrofurfuryl alcohol has considerably lower heat capacity, 
tension, and flash point than ethylene glycol (Table The specific heat 
TABLE III 


SPECIFIC HEAT, SURFACE TENSION, FLASH POINT, AND THERMAL EXPANSION VALUES FOR 
TETRAHYDROFURFURYL ALCOHOL AND ETHYLENE GLYCOL 


Thermal 
Surface tension 
27°C, Flash point, 20°— 151.7°C. 
T.H.F.A. 0.424 0.747 
Ethylene glycol 0.52 50.5 116 0.762 


increases only slightly with rising temperature: 20° 27° C., 0.424; 30° 
0.432; 40° 47°C., 0.445. The thermal expansion coefficient 
tetrahydrofurfuryl alcohol corresponds closely that ethylene glycol. 
Observed values for tetrahydrofurfury! alcohol were 0.964; 
100°, 1.014; 37.8°, 1.049; 20°, 1.059. 
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The data Table show that alcohol and ethylene 
glycol differ considerably their action natural and synthetic rubbers 
and that rubber compounds also vary their resistance the weakening 


TABLE 


EFFECTS OF ANHYDROUS ETHYLENE GLYCOL AND TETRAHYDROFURFURYL ALCOHOL ON NATURAL 
AND SYNTHETIC RUBBER COMPOUNDS 


Criteria Rubber Untreated T.H.F.A. 
hr. immersion 80° 
Volume increase, Natural 0.6 10.9 
Neoprene 6.0 140.4 
Tensile strength, in. Natural 2955 2815 2720 
Buna 3005 1540 1125 
Neoprene 2625 2340 975 
Elongation break, Natural 615 505 655 
Buna 620 285 340 
Neoprene 840 640 750 
Hardness, Type Shore Natural 
Neoprene 
hr. immersion 154° 
Volume increase, Natural 1.5 48.3 
Buna 3.6 60.9 
Neoprene 39.4 251 
Tensile strength, in. Natural 2955 2460 995 
Buna 3005 1550 815 
Neoprene 2625 1075 310 
Elongation break, Natural 615 585 805 
Buna 620 275 445 
Neoprene 840 395 570 
Hardness, Type Shore Natural 
Neoprene 


and softening effects these liquids. alcohol invariably 
caused greater swelling and softening, and greater decrease tensile 
The ‘elongation break’ for natural rubber was increased 
tetrahydrofurfuryl alcohol and decreased ethylene glycol. Elongation 
break for Buna and Neoprene was reduced both liquids, and greater 
extent ethylene glycol than tetrahydrofurfuryl alcohol. Decreases 
tensile strength and hardness were much greater than 80°C. 
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All three rubber compounds were softened exposure 
alcohol and Neoprene was also seriously softened 
furfuryl alcohol 80° 


Table reports effects immersing radiator hose connections 80% 
tetrahydrofurfuryl alcohol 20% water and 60% ethylene glycol 40% water 
solutions for days 80° the liquids could enter the fabric 


TABLE 


EFFECT 60% ETHYLENE GLYCOL AND 80% TETRAHYDROFURFURYL ALCOHOL RADIATOR 
HOSE CONNECTIONS (30 IMMERSION 81° C.) 


60% ethylene 


Hose property Hose No. Untreated glycol 80% 
Inner hose diameter 1.50 1.45 1.45 
1,25 1.24 1.25 
1.68 1.55 1.59 
0.625 0.56 0.56 
Adhesion tube fabric, 7.0 6.0 4.2 
Ib./in. 12.3 8.4 
8.8 6.5 
5.0 5.0 
Volume increase, 10.5 18.0 
6.7 23.2 
45.0 17.4 
14.2 15.8 
Weight increase, 8.3 13.6 
4.6 15.0 
30.6 
11.6 13.3 


the cut ends the tubes, the conditions this respect were more severe than 
cooling system. Decreases hose diameter were slight with both liquids. 
Adhesion rubber fabric was weakened and the samples were softened 
greater extent the alcohol than the ethylene glycol 
solution. Increase hose weight and volume also was greater with three 
out four hose samples after immersion alcohol. 


The effects the above coolants radiator hose connections were com- 
pared further the physical testing hose removed from vehicles after 
five month driving test. Hardness, tensile strength, adhesion, and internal 
diameters the radiator hose were decreased about equally this lengthy 
exposure 80% tetrahydrofurfuryl alcohol and 60% ethylene glycol. The 
results indicate that alcohol has lesser effects actual 
service than laboratory immersion tests, and that its use would not seriously 
affect the serviceable life hose connections. Important differences 
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serviceability between individual hose connections may anticipated, 
regardless the coolant that employed. After extensive tests radiator 
hose exposed number antifreeze solutions, Green al. (11) concluded 
that the nature the hose was greater importance than the circulating 
fluid. 

Metallic corrosion aqueous tetrahydrofurfuryl alcohol solutions the 
presence inhibitors (0.1% sodium nitrite, 0.3% sodium chromate, ‘Tri 
Rad’ emulsion) was subjected preliminary study two month immersion 
tests bolted metal plates. Corrosion steel, copper, brass, and aluminum 
was almost negligible the presence any one the above inhibitors. 
Corrosion lead and solder was serious all tests with tetrahydrofurfuryl 
alcohol solutions, pure tetrahydrofurfuryl alcohol, and with ethylene glycol 
and other antifreeze solutions. Corrosion the above metals was reduced 
the level insignificance preliminary tests with improved inhibitor 
formula, which was developed the staff the corrosion laboratory, and 
which work being continued. 


Driving tests with tetrahydrofurfuryl alcohol thus far have been limited 
the use 80% tetrahydrofurfuryl alcohol 20% water the vicinity 
Ottawa. During five month test that was extended midsummer, addi- 
tional liquid was not required correct evaporative and other losses. The 
tetrahydrofurfuryl alcohol solution that was finally drained off was more 
strongly colored and contained more sediment than 60% ethylene glycol after 
the same period service. The effects these liquids the hose connec- 
tions has already been discussed. With respect engine performance and 
temperature, creeping, leakage, and odor, differences were observed 
between motors cooled glycol alcohol. 


Discussion 


The principal advantage tetrahydrofurfuryl alcohol over other permanent 
type organic antifreeze solutions low freezing point and viscosity low 
water contents. Pure tetrahydrofurfuryl alcohol less viscous than 60% 
ethylene glycol 40% water low temperatures and remains quite mobile 
F.). The value this property depends largely the 
importance protection beyond the liquid range mixtures. 
The low specific heat alcohol and its deteriorative effects 
rubber are unfavorable characteristics the anhydrous liquid. Tetra- 
hydrofurfuryl alcohol judged almost equivalent ethylene glycol with 
respect stability, permanence, thermal expansion, inflammability, surface 
tension, and corrosiveness; the differences these respects least are not 
serious. 

advantage foreseen for the use tetrahydrofurfuryl alcohol 
freezing point depressant for water the concentrations employed with other 
antifreeze compounds. With substantial reduction price, considerable 
market for this antifreeze might found regions moderate climate. 
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demand for nonvolatile antifreeze compounds extremely low freezing point 
may anticipated for use northern Canada and Alaska, and for this 
application tetrahydrofurfuryl alcohol appears warrant further attention, 
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LIQUID AND FROZEN EGG 


IV. REPRODUCIBILITY MEASUREMENTS REDUCING SUGAR 
FROZEN EGG! 


Abstract 


Analysis test samples three collaborating laboratories indicated the 
desirability initial standardization and periodic checking reagents and 
both sampling and analytical technique ensure consistency routine results. 
Average glucose content carlot 1250 containers might determined 
with standard error the order mgm. per 100 gm. egg single 
analysis each two independent composite samples each obtained com- 
bining and thoroughly mixing single ‘cores’ taken from randomly chosen con- 
tainers. This would also enable running check kept both the average 
and variance the reported glucose contents by, e.g., ‘control chart’ methods. 
Precision test results would improved ‘most effectively increasing the 
number individual containers sampled rather than the number chemical 
analyses. 


Object and Methods 


Considerable quantities (amounting 1947 some 20,000,000 Ib.) eggs 
accumulated during the season peak Canadian production are commercially 
preserved for use the bakery and other trades removing them from the 
shell, mixing yolks and whites, and freezing the resultant mixture 
containers holding lb. Objective criteria for assessment 
quality this frozen product are desirable, and has been suggested (6) 
that reducing sugar content might one such criterion, measurable either 
plant local consulting laboratories. Reproducibility within and between 
laboratories this measurement has accordingly been studied with the results 
now described. Three Ottawa laboratories collaborated the investigation. 
These were located the Division Chemistry, Science Service, Department 
Agriculture (J. Janson); Food and Drug Division, Department 
National Health and Welfare (L. and Division Applied Biology, 
National Research Laboratories (J. Pearce). Test material consisted 
pails commercial frozen egg drawn from current production 
plants Montreal, Toronto, Ottawa, and Winnipeg. These will hereafter 
designated the letters while the collaborating laboratories will 
denoted the numbers and which were allotted them random. 


Fig. illustrates schematically the procedure followed apportioning and 
subsampling the test material. Apportioning was done the National 
Research Laboratories. The contents each pail was first divided into 
six portions vertical slicing along equidistant radii the top surface. 
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The resulting portions were then kept —40° storage pending distribution 
the collaborators scheduled Table may observed from this 
schedule that the test extended over working days, each laboratory receiving 
two the above-mentioned portions, identified only code number, 
for subsampling and analysis each day. The schedule for each laboratory 


CONTENTS OF 38-LB. PAIL ‘‘A’’ 
DIVIDED INTO 
6 EQUAL PORTIONS 


TWO PORTIONS RANDOMLY 
ALLOCATED TO 
EACH LABORATORY 


TWO LABORATORY SUBSAMPLES 


DRAWN FROM EACH PORTION 


DUPLICATE ALIQUOTS FROM 
Fic. Schematic representation apportionment and subsampling test material. 


TABLE 


SCHEDULE OF DISTRIBUTION OF TEST PORTIONS 


Test material (designation 


Day test Laboratory Laboratory Laboratory 


WH 


LAB.2 LAB.3 
= 
1 
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was balanced two respects. Firstly, over the 16-day period whole, 
one portion from every pail was analyzed ‘first’ and one ‘second’ 
daily sample, thus facilitating the detection any consistent diurnal trend 
results. Secondly, portions from eight pairs pails were analyzed two 
different days each laboratory (e.g., from and the second day and 
from and the fourteenth day Laboratory 1), that marked dif- 
ferences between days affecting any all laboratories might likewise 
distinguishable from the inter-portion sampling variance. Apart from these 
limitations however, the order distribution the various portions was 
determined entirely from tables random numbers (4). 

From each submitted portion, the laboratories withdrew two independent 
small subsamples, which were carried through all further stages separately but 
concurrently. After the removal protein the manner specified Folin 
and (5, 416), the reducing sugar gm. defrosted material was 
measured the titration procedure (5, pp. and 
expressed mgm. glucose per 100 gm. egg. Duplicate aliquots were titrated. 
All determinations any one laboratory were made single technician 
accordance with standardized instructions covering specific items 
procedure. 

Results 
Intra-laboratory Variance 

The test provided information respecting the variability within each labor- 
atory aliquots from the same subsample, subsamples from the same 
portion, and portions from the same pail. This was examined statistically 
Fisher’s analysis variance procedure (3). 


Variance between duplicate aliquots from the same subsample, estimated 
from comparison-pairs each laboratory, differed shown Table II. 
TABLE 
ESTIMATED INTRA-LABORATORY STANDARD DEVIATIONS 


(Mgm. glucose per 100 gm. egg) 


Standard deviation, mgm. 


Source variance 


Aliquots 


Laboratory gave rise standard deviation mgm., this being 
+1.4% the average 356 mgm. glucose per 100 gm. egg reported there for 
the test whole. Laboratory the aliquot standard deviation was 
mgm., which was 0.6% this average 354 mgm., 
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while Laboratory was 11, amounting 3.5% the average 
The recorded aliquot standard deviation Laboratory was thus 
less than half, while that Laboratory was more than double, that 
Laboratory 


Subsamples drawn from the same portion, the other hand, were sub- 
stantially less variable both Laboratories and than Laboratory 
After allowing for the variance aliquots described above, subsampling was 
estimated (1, 2), from comparison-pairs each instance, have given rise 
Laboratories and 

the test portions resulting from the initial division the contents 
each pail were allocated objectively random manner, variability the 
results all three collaborators due any heterogeneity such portions 
should have been the same order. This was fact the case. The net 
variance between portions after allowing for that aliquots and sub- 
samples deduced above, estimated from comparison-pairs each labora- 
tory, corresponded standard deviation mgm. glucose per 100 gm. 
egg. These differences the results for portions from the same pail were 
apparently entirely random character, consistent discrepancy average 
variance between days, between first and second sets determinations 
made the same day being detectable when the laboratories were considered 
either individually collectively. 


Inter-laboratory Variance 


Table III and Fig. provide comparison the results reported the 
three collaborators. Each value listed average two aliquots from two 
subsamples from two portions from each test pail, viz., eight titrations all. 
The concentration experimental material the upper part the range 
variation was presumably representative current production but was not 
ideal for correlation studies. Agreement between Laboratories and 
appeared basically good, the individual and collective departures from 
equality, represented graphically the distance the hollow circles from 
the broken diagonal line Fig. being more than the expectation com- 
puted from the previously estimated variance test portions, subsamples, 
and aliquots. Laboratory 3’s results the other hand were the aggregate 
significantly lower, and there was some suggestion that this discrepancy 
widened the glucose content the test material increased, corresponding 
pail averages for Laboratories and being related the conversion 
equation (7) 


illustrated the continuous line Fig. the absence additional 
results for the range 200 300 mgm., however, this may subject con- 
siderable revision, the standard error the factor 0.616 being the order 
+0.15. 
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TABLE III 
TEST RESULTS REPORTED COLLABORATORS 


Average reducing sugar reported (as mgm. glucose 


Test per 100 gm. egg) 
material 
Laboratory Laboratory Laboratory 
381 381 318 
336 373 333 
376 372 297 
197 212 216 
349 306 296 
368 343 357 
363 359 333 
383 341 300 
382 356 319 
367 378 329 
351 345 323 
337 358 357 
354 357 339 
377 387 330 
411 396 331 
358 404 329 
Average 356 354 319 


400 


200 


MGM. GLUCOSE, LAB. +2 AND +3 


0 200 400 
MGM. GLUCOSE, LAB. +1 


Fic. Graphical comparison glucose contents test materials reported three 
collaborating laboratories. 


Conclusions 


current stocks were tested, practical considerations would require 
estimation the average reducing sugar content carload shipments 
1250 more pails from single core samples taken from about and amal- 
gamated form composites for analysis local consulting laboratories. 
Subsequent comments relate these imposed conditions. 

The foregoing experiment course strongly suggests that initial standardiza- 
tion, and periodic checking, reagents and both sampling and analytical 
technique would desirable ensure consistency grading all localities. 


LAB. 
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The over-all standard deviation results for carlots obtained outlined 
would reflect inter-pail well intra-pail variability. The pails A-P 
considered above were characterized net variance (after allowing for 
sampling, subsampling and aliquot fluctuations) 1882, corresponding 
standard deviation +43 mgm. glucose per 100 gm. egg. This figure 
may exceed the actual variability within carlots from single plant, but makes 
possible approximate estimation the level precision likely attained 
practice. the variance inter- and intra-pail sampling, laboratory 
supposed (a) that carlot comprises 1250 pails which random 2.4% 
are subjected single-core sampling; that the resulting cores are com- 
bined form two thoroughly mixed 15-core composites for independent 
analysis; (c) that from each these composites laboratory subcomposite 
formed withdrawing and again thoroughly mixing three independent 
laboratory subsamples; and (d) that one chemical determination made 
gm. portion each such subcomposite: then the standard error 
expected the average the two determinations thus made material from 


this would amount roughly 


i.e., the order +10 mgm. per 100 gm. egg. Hence, for example 
grade specification not less than 300 mgm. per 100 gm. were established 
and shipments were inspected the above way, carlot for which the average 
was actually 275 mgm. lower should have less than chance 100 being 
accepted, while one for which the true average was 325 mgm. higher should 
stand less than chance 100 being degraded. The indications are that 
this margin and seller’s risk would most effectively reduced 
increasing the proportion pails sampled rather than the number labora- 
tory analyses. 


course, this estimate likely precision must regarded 
its major component, inter-pail variance, only approximately known. 
However, the event the procedure being adopted for routine grading, 
analysis two independent core-composites from each carlot would soon 
provide more definite information this point, well enabling running 
check kept both the average and variance the reported glucose 
contents ‘control chart’ other methods (8). Duplicate analyses would 
permit similar running check kept laboratory technique, but would 
add laboratory costs without effecting corresponding increase the over- 
all precision the results. 


: 
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THE OXIDATION, IGNITION, AND DETONATION 
FUEL VAPORS AND GASES 


IV. THE CAUSE DETONATION COMBUSTION KNOCK ENGINES! 


Abstract 


nuclear theory self-ignition described which based the substitution 
finely divided carbon for the nuclear drops the Callendar theory. The 
finely divided carbon appears the gaseous combustible mixture the engine 
result pyrolysis the lubricating oil the fuel. theory therefore 
general application and can applied explain combustion knock 
detonation when permanent gases such hydrogen well hydrocarbon 
vapors are used fuel for the carburetor type internal combustion engine. 
The theory supported experimental evidence quoted mainly from earlier 
publications and. intended working hypothesis for further confirmatory 
experiments. 


Introduction 


The experiments described preceding Parts were directed mainly 
ascertain the cause the effect metallic dopes delay the onset detona- 
tion engines. They support the view that delay prevention due 
dilution the end gas the products, steam and carbon dioxide, 
oxidation reaction occurring the surface the combustion space made 
‘active’ metal deposited the thermal decomposition the dope. The 
detonation delaying effect dilution would operate whatever the cause 
detonation, and discussion that effect was therefore withheld pending 
description especially related experiments. Some the experiments have 
been completed and others are progress. hoped described all 
them succeeding Parts. will, however, assistance the reader 
and save space later the working hypothesis used plan the experimental 
work given separately this Part after brief review recent theory. 


Section 
The Callendar Nuclear Theory Self Ignition 


The continued propagation flame combustible mixture after ignition 
point depends, according the classical theory, the rate heat 
generation combustion continuing greater than the rate loss 
conduction, convection, and radiation. The theory does not provide 
adequate explanation for the sudden increase flame velocity tube 
after certain distance has been traversed the flame front the similar 
effect the combustion space engine. fact, ignition the unburned 
gas well ahead the flame front, that is, self-ignition, can obtained 
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suitable conditions temperature and pressure. Self-ignition the end gas 
engine results detonation, indicated combustion knock which 
occurs also the rate flame propagation become abnormally great. 

nuclear theory self-ignition was advanced Callendar (7, 
explain the occurrence detonation engine and the antiknock effect 
metallic dopes. the particular case ordinary liquid hydrocarbon fuels, 
always containing some proportion high boiling point constituents, was 
considered that the nuclei would liquid drops the higher boiling point 
fractions remaining after evaporation the lighter fractions the fuel. 
These residual drops, they evaporate, would contained within shell 
nearly pure vapor which would recondense part the compression 
pressure was raised because hydrocarbon vapor, unlike steam, tends 
condense compression. Vaporization would thus retarded and the 
drops could persist until late the period The drops, being 
surrounded vapor the high boiling point constituents the fuel, would 
have lower ignition temperature than that the gaseous mixture which 
they were dispersed. Thus the end gas were impregnated with liquid 
drops, nearly simultaneous ignition (detonation) might occur prior the 
completion combustion the gas the normal course flame travel. 


Hydrocarbon fuels completely vaporized and mixed with air combining 
proportions present some difficulties because condensation during compression 
could not occur the circumstances. Callendar suggested that such 
cases the smoke particles which are always present the operation 
internal combustion engine would serve foci condensation and 
the aid such carbon nuclei, drops highly ignitable nature may continue 
exist may formed condensation temperatures such that the mixture 
should completely vaporized according the ordinary rules calculation.” 


The possibility that carbon nuclei such might effective centers 
ignition otherwise homogeneous gaseous combustible mixture was not 
discussed. The carbon nuclei mentioned being present the engine 
combustion space were the smoke particles remaining from the previous 
combustion hydrocarbons, and was suggested only that they could 
promote the formation liquid drops completely vaporized mixture 
serving foci condensation. 


Aside from the failure the nuclear drop theory account for detonation 
completely vaporized mixtures, there appeared some doubt about the 
drops being present sufficient concentration the end gas provide 
igniting effect, and Callendar’s suggestion that the metallic dope prevented 
ignition the drops plating them with metal, thus preventing absorption 
radiation from the flame, was not convincing. The chemical side the 
problem was therefore explored his request but with the fixed idea that 
some product the oxidation the rich mixture surrounding the slowly 
evaporating drops would readily inflammable and thus ignite the drops. 
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Oxidation, according the hydroxylation theory, then 
generally accepted, would begin with the formation alcohol and proceed 
further oxidation aldehyde, carbon monoxide, steam, and carbon dioxide. 
All the oxidation products mentioned, except the aldehyde, were known 
delay detonation. number aldehydes were tried additions engine 
fuel but proved inappreciable effect detonation (5, 183; 20). 
The idea that detonation must due the accumulation some oxidation 
product the nuclear drops was however not abandoned. was known that 
certain unstable organic peroxides decomposed with some violence heating, 
and was suggested (by Mardles) that peroxide instead alcohol might 
the primary oxidation product. The suggestion fitted exceptionally well into 
the nuclear drop theory, and, the result numerous confirmatory experi- 
ments, Callendar concluded (5, 6), respect paraffinic fuels and ether, that 
although the amount peroxide formed would not itself sufficient 
cause the detonation observed would act primer for the simultaneous 
ignition the nuclear drops—and detonation thus caused would prevented 
metallic dope were concentrated the drops owing the reduction 
the peroxide the metal the dope. 


will noted that the nuclear theory remained encumbered liquid 
drops and, although could not accepted having more than limited 
field application, the idea that organic peroxides were responsible some 
way for fuel detonation engines received fairly general approval large 
part because seemed pave the way for the application chain reaction 
theories combustion occurs the engine. 


Section 
Chain Reaction Theory 


nonhomogeneous combustible mixture necessary prelude self- 
ignition, according the nuclear theory. The chain reaction theory was 
devised account for oxidation leading ignition homogeneous mixture, 
reaction being between single molecules. Experimental evidence support 
the theory has been generally obtained using reacting mixtures not 
diluted with nitrogen, relatively low pressures and without taking flow 
configuration (15) into account. Nevertheless many attempts have been 
made use the theory explain the mechanism oxidation and detonation 
the turbulent mixtures used engines the extremely high 
pressures attained during combustion the end gas, although mixtures 
diluted with nitrogen cannot detonated tubes. 


There little agreement about the manner initiation chain reactions 
and still less about the mechanism the reaction. most simple 
suppose, suggested Mardles (5, and Moureu, Dufraisse, and Chaux 
(18), that collision between fuel and oxygen miolecule results the 
formation peroxide having relatively high energy content, and Egerton 
(9) considers that reactivity handed from the peroxide new reactant 
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molecules, the reaction being autocatalytic character, view that not 
accordance with the hydroxylation theory support 
which there considerable experimental evidence reaction occur high 
pressure. considers that the metallic antiknocks delay oxidation 
forming metallic peroxides that react with and destroy the fuel peroxides, 
thus breaking the reaction chains and preventing detonation. 

Norrish (19) considers the peroxidation theory unsatisfactory and 
suggests that reaction chains start from the aldehyde and proceed 
“atomic mechanism according which methane for example would 
oxidized chain reaction involving free radicals and atomic carbon. 
Oxidation other hydrocarbons requires atomic oxygen link the chain 
reaction. Norrish, considerable extent, avoids conflict with the hydroxy- 
lation theory oxidation but does not, the reference given, apply his chain 
reaction theory explain the action metallic antiknocks. 

Rice (21) considers that thermal decomposition results the replacement 
one molecule hydrocarbon several, with the result that the increase 
concentration may greatly augment rate oxidation and increase knocking 
tendency accordingly, oxidation being chain reaction involving free radicals. 
Metallic antiknocks are assumed cause the fuel molecule decompose 
into relatively few small molecules and this way reduce knock. Rice 
appears envisage limited decomposition, unlike Norrish who assumes 
decomposition carbon oxygen atoms. 

Steele (23) suggests that hydrogen liberated the decomposition hydro- 
carbons during the combustion period the engine responsible for fuel 
knock. considers this view supported the engine experiments 
Burstall showing that hydrogen gives rise violent (4) while 
carbon monoxide does not knock any circumstances (3). further 
suggested Steele that the knock due hydrogen liberated decomposition 
the hydrocarbon can prevented adding more hydrogen carry the 
partial pressure out critical 


Boerlage and Van Dyck (1) established relation between the initial 
cracking speeds Diesel engine fuels and the cetene numbers with consider- 
able degree success. attempt establish relation between the initial 
cracking speeds fuels used with carburetor engines and octane numbers 
was less successful. The initial cracking speed iso-octane which the 
top the octane scale was, for example, greater than that heptane which 
the bottom the scale. The initial cracking speed heptane was 
however greater than that some hydrocarbons higher octane rating. 
The experiments were made atmospheric pressure and conditions were not 
the most suitable for cracking the hydrocarbons carbon. The experi- 
menters assumed that detonation depends high rate oxidation 
homogeneous mixture hydrocarbon vapor and air, and were most concerned 
with the gaseous products cracking endeavor determine the condi- 
tions which free radicals active form oxygen would present and 
initiate chain reactions. 


— 
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The above brief review chain reaction theory applied combustion 
the engine admittedly superficial. has been given illustrate 
some degree the difficulties met with applying the theory explain the 
cause detonation engine and the action antiknocks. The metallic 
antiknocks decompose temperatures reached before the end compression 
and the metal, which generally agreed the active agent prevent 
knock, deposited mainly difficult understand how this 
metal can present later break reaction chains the end gas. Similarly 
difficult understand how organic peroxides, which definition are 
initial and unstable products siow oxidation relatively low temperatures, 
can persist and essential links chain reactions occurring the extremely 
high temperatures the end gas. The Callendar nuclear drop theory did 
least provide means their persistence. Finally, Egerton lengthy 
discussion knowledge knocking and its (10), 
states ‘‘although would generally agreed that the oxidation saturated 
paraffins, reaction chains are operative, there yet agreement the 
mechanism the process the nature the chain 


Section III 


Heterogeneous Oxidation Reactions and Revised 
Nuclear Theory Self-Ignition 


Outline Theory 


The experiments described preceding Parts indicate that flameless 
oxidation fuel mixtures with air engine conditions occurs solely 
hot surfaces, not the body the gas chain reaction process. The 
surfaces the combustion space engine may comprise areas metal, 
metallic oxides, adherent carbonaceous matter, carbon distributed the 
combustible mixture fine particles. When the surfaces reach suitable 
temperature oxidation may partial final products accordance with 
the nature the surfaces and the degree turbulence. The heat reaction 
does not suffice start flame surface temperature controlled water 
air cooling, and combustion after spark ignition proceeds completion 
without the occurrence pre-ignition detonation. noted that 
the temperature containing surfaces can controlled but not that the 
surfaces material nuclei the body the gas. 


Flame may, however, started without spark ignition surface become 
thickly coated with carbon that external cooling ineffective in- 
sufficiently cooled points small areas become incandescent. Flame may 
also started the combustion aldehydes which are formed great 
profusion conditions excessive turbulence, and can ignited contact 
with surfaces the temperature attained high duty engines the exhaust 
valve. Thus methyl and ethyl alcohols, which oxidize the first stage 
aldehydes, are especially prone pre-ignition when used engine fuel for 
the Ricardo E35 engine spite the cooling effect arising from the high 
latent heat evaporation. 
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Flame started any the ways mentioned moves through the combustible 
mixture just had been started electric spark and does not give 
rise detonation. the flame starts before the passage the spark 
described pre-ignition and timing approximately correct the engine 
will run without spark ignition. 

Detonation occurs engine using hydrocarbon fuel can initiated 
solely flame started nearly simultaneously points distributed through- 
out the end gas, and experiments indicate that the conditions required are 
governed the temperature and pressure the gas and the concentration 
carbon nuclei, the concentration being determined, other things being 
equal, the pressure. The theory will now discussed greater detail. 


End Gas Temperature and Pressure 
The temperatures and pressures attained the end gas compression 
ratios extending from given Table below are calculated the 
basis that detonation occurs when the combustion pressure reaches 90% 
the maximum value. 
TABLE 


END GAS TEMPERATURES AND PRESSURES, RICARDO E35 VARIABLE COMPRESSION ENGINE 


Initial Initial Calculated 
compression compression temperature 
4:1 Atmospheric 133 346 673 
112 477 707 
6:1 102 616 741 


The data used compile the table are from published performance figures 
respect the Ricardo E35 variable compression engine (5, 211; 26; 20). 
The end gas temperatures were calculated taking the value 1.36. This 
allows for the end gas receiving some heat during the combustion 
the temperature the end compression the piston were required, the 
value would taken 1.34. The end gas temperatures for com- 
pression ratios are extrapolated values, indicator diagrams not 
being available. will noted that end gas temperature very nearly 
linear function compression ratio, and, evaluating the constants, end 
gas temp. (34 C.R. 537)°C. 


Nuclear Ignition 


The Callendar theory self-ignition was based the nuclei, dispersed 
combustible gaseous mixture, having lower ignition temperature than the 
otherwise homogeneous gas (7, 8). was, however, shown the later 
experiments King (16) and King and Mole (17) that the nuclei need not 
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combustible substance. Fine drops water, stone dust, powdered 
metallic oxides are all effective explosion agents. description experi- 
ments showing the igniting effect variety nuclei respect mixtures 
hydrogen, ethylene, and methane given the references quoted. Similar 
igniting effects were obtained the time, respect carbon monoxide and 
acetylene. Experiments made later, with the arrangement apparatus 
described the references, the Colloid Science Department, Cambridge 
University, demonstrated that mixtures were especially sensitive 
ignition nuclei. When the mixture was supplied the combustion 
tube the rate 300 cc. per min. explosion occurred 570° C., but nuclei 
such finely divided silica caused explosion and the still lower 
explosion temperature 350°C. was observed when the nuclei were fine 
particles nickel oxide. Carbon was found effective igniting agent 
but the variety used was finely divided that the particles tended stick 
together and float about instead falling rapidly through the heated mixture. 
The cause the effect still subject speculation but there are two possi- 
bilities, one chemical, the other electrical. reasonable chemical explanation 
that the nuclei provide surfaces the gas which oxidation can occur, 
with the consequence that the heat reaction would raise the temperature 
sufficiently start flame. difficult apply this explanation 
particle water, which would evaporated steam the process. 
electrical explanation seems apply better drops water. known 
that such drops become positively electrified when falling through air even 
atmospheric temperatures, and the potential the charge would increase 
the surface area decreased evaporation proceeded. not impossible 
that ignition electrical some cases and due the heat chemical reaction 
others. However, considering combustible nuclei such carbon particles 
which, will shown subsequent Part, are especially effective ignite 
combustible gaseous mixtures, reasonable suppose that flame started 
the heat the oxidation reaction even the hot carbon particles which 
are pyrophoric, are themselves insufficient. Thus, with reference Table 
the temperature the end gas late the period combustion engine 
exceeds 600° even the low compression ratio 4:1. Carbon particles 
derived from cracking hydrocarbon fuel would red hot the circum- 
stances and tend start flame most combustible mixtures even 
temperature were not further increased oxidation the gas contact 
with them and radiation from the advancing flame. the relatively 
high compression ratio 6:1 temperature the end gas exceeds 700° C., 
Table and the carbon particles would active state combustion. 


Carbon Formation the Engine Combustion Space 

Pyrolysis the lubricating oil yields free carbon. The carbon may 
contained part sticky substances tending adhere surfaces and 
part fine particles which appear the exhaust when the lubricant passes 
the piston excessive rate. The extent the formation adherent 
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carbonaceous matter, rather than free carbon distributed throughout the 
combustible gaseous mixture, depends factors such the natures the 
lubricant and the fuel well mixture strength. Free carbon derived 
from the lubricating oil would distributed throughout the whole the 
combustible mixture, not especially concentrated the end gas. Detonation 
therefore not attributed ignition such carbon nuclei. They may, 
however, act increase rate flame propagation. 


second source free carbon found the cracking fuel molecules 
the flame front. Thus Haslam and Russell (14), referring the combustion 
hydrocarbons, state that ordinary combustion conditions there 
race between thermal decomposition and the process 
hydroxylation (oxidation). the conditions favor oxidation there will 
soot. the other hand the conditions favor cracking the hydrocarbon 
will decompose into carbon and hydrogen and will burn with smoky flame.” 
The conditions the engine favor cracking. Thus the flame moves 
through the combustible mixture, impinges relatively cool surfaces and 
the formation soot would expected. The conditions are fact similar 
those used procure ‘acetylene black’ from the burning gas, and 
significant that although the molecule acetylene thermally stable end 
gas temperatures when the gas diluted with nitrogen (22), yet the gas cannot 
used engine fuel even low compression ratios because the violence 
detonation. may concluded therefore that free carbon carried into 
the end gas the turbulence which always accompanies the movement 
flame and provides the distributed ignition centers required for detonation. 


The third source free carbon, namely the cracking the end gas, provides 
ignition nuclei just where required promote detonation. There however 
little information available respect the rate carbon formation when 
pentane and other hydrocarbons usually present fuel for carburetor engines 
are decomposed the temperatures and pressures the end gas given 
Table was observed Callendar and associates (5, that the com- 
bustion paraffins ranging from pentane undecane was accompanied 
fine persistent fog, some which passed through the train absorption 
apparatus. Similar effects were observed during later experiments and 
quoting from notes made the time and referring the combustion 
pentane oxidation and decomposition became appreciable 300° 
feature that decomposition delayed oxidation proceed rapidly but 
the other hand rapid rate decomposition indicated the volume 
smoke issuing from the combustion tube sure indication slow rate 
appears therefore that the relation between hydrocarbon 
oxidation and decomposition reactions flameless combustion similar 
that described Haslam and Russell respect combustion flame, 
already mentioned. 
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Decomposition the paraffins lower than pentane was carried out 
Hague and Wheeler (13) silica vessel the temperature 950° 
Methane, which non-knocking fuel, yielded trace only carbon. Ethane, 
propane, and butane yielded, respectively 13.9, 11.3, and 19.6% 
The initial cracking temperature butane was found 435° C., and 
may concluded that the higher paraffins used engine fuel begin decom- 
pose still lower temperatures yield some proportion free carbon. 


Egloff (11) states that the thermal decomposition pentane has been 
meagerly investigated but that slow decomposition seems begin below 
400° and refers the present Similar comment 
applicable hexane. 


view the lack data respect the pyrolysis the liquid hydro- 
carbons commonly used engine fuel, fortunate that especially useful 
results having direct bearing the validity the nuclear theory ignition 
were obtained incidentally Tizard and Pye (24) during experiments the 
ignition such hydrocarbons sudden compression. The experiments were 
directed toward measuring the delay period before ignition and explosion 
would occur mixture compressed temperature such 
that ignition would occur eventually. was always found that, when 
explosion was sharp, combustion was not complete, fluffy deposit carbon 
being thrown down although oxygen was considerable excess. 


The question issue far the nuclear theory concerned what 
came first, decomposition form ignition nuclei finely divided carbon 
ignition due homogeneous oxidation reaction. The question seems 
have been answered the experimental results. Thus the delay period was 
shortened if, lack preliminary cleaning, finely divided carbon was 
already present some concentration. Moreover, generally agreed that 
the combustion hydrocarbons does not involve the preferential oxidation 
the hydrogen the molecule and, accordingly, the carbon found Tizard 
and Pye was due the fact that pyrolysis preceded ignition. 

Relatively low temperatures ignition compression were observed, 
values depending whether ignition temperature were taken the maximum 
that had been attained some part the compressed mixture the 
estimated mean temperature. The mean values for pentane, hexane, heptane, 
and octane, respectively were 336°, 306°, 292°, and 275°C. Thus, all the 
paraffin hydrocarbons tried yielded finely divided carbon pyrolysis 
below the temperatures mentioned. 


Higher members the paraffin series beginning with gas oil are commonly 
used cracking stock. Carbon formation was especially troublesome 
early methods. Brooks (2, pp. 2078-2087), referring the Burton process 
which the cracking gas oil other distillates was carried out temperatures 
about 420° and pressures about per sq. in., states that after 
treatment every batch was necessary open the still and scrape the 
carbon off the bottom. 
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Characteristics Knocking Combustion Shown Photographically Withrow 
and Rassweiler 

The photographs successive stages combustion engine were 
taken high speed camera developed the Research Laboratories Section 
General Motors Corporation. set the pictures showing knocking 
combustion reproduced Fig. from prints off the original negatives, 
supplied Dr. Boyd, Head the Fuel Research Section. The pictures 
are shown the order taken, reading from left right and down, starting 
29° before and finishing 40.6° after top dead center (T.D.C.). The engine 
speed was 900 r.p.m., the compression ratio and the fuel gasoline 
having octane number 48. The photographs were taken through 
flat fused quartz plate 0.75 in. thick covering the combustion chamber which 
was therefore non-turbulent type and most suitable for observations 
orderly flame movement. interest interpret the characteristics 
combustion shown the photographs the light the revised nuclear 
theory ignition stated preceding paragraphs. 

The igniting spark appears 24.2° before top dead center but flame 
not easily visible until 7.2° later. spreads rapidly during the period 14.6° 
2.6° before top dead center apparently the carbon nuclei necessarily 
present the combustible mixture, and the consequent speckled appearance 
with the growth bright spots the outstanding feature the period. 
change solid luminescence then begins and complete 2.2° after top 
dead center. That is, 19.2° crank angle, time interval 0.00356 sec. 
900 r.p.m., has been required for the propagation and building flame 
the stage solid luminescence. The time interval would 0.00485 sec. 
taken from the passage the spark. 


The temperature and pressure the unburned gas ahead the flame front 
has been increasing during the time interval mentioned above and also the 
concentration carbon nuclei. Auto ignition the end obtained 
accordingly and shows the picture taken 0.2° before top dead center near 
the end the combustion space over the piston and separated from, and far 
ahead of, the flame front possible the confined space. The next 
picture taken less than 0.0005 sec. later shows that spontaneous combustion 
has occurred through the whole the end gas except for very small area 
lying just ahead the flame front. The picture next order shows the end 
gas completely filled with flame again speckled appearance would 
expected according the nuclear theory. 


interest that the burning mixture ahead the flame never exhibits 
the solid luminescence characteristic the final stage combustion behind 
the flame front. speckled appearance persists, indicating that combustion 
the carbon particles responsible for detonation not completed, and, 
would expected, puffs black smoke are seen the exhaust engine 
the occurrence detonation knock distinct from combustion knock. 
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Furthermore well known engine practice that non-knocking ‘correct’ 
mixture burns with nearly colorless flame and that becomes white and 
luminous detonation occur. Withrow and Rassweiler, for example, found 
necessary use considerable proportion benzene the fuel mixture 
order obtain photographs non-knocking combustion the flame 
movement prior knock. 


Another matter interest the incandescent carbon appearing bright 
patches mainly around the inlet valve, top left-hand corner the pictures. 
can seen first the picture taken 14.2° after top dead center and 
continues glow throughout subsequent pictures, remaining incandescent 
after combustion the gaseous mixture substantially complete. 


interest compare the explosion times engine combustion 
space with those observed Fenning for explosions bomb (12). The 
bomb was cleaned between explosions blowing out with air and there was 
course lubricating oil. There would therefore carbon nuclei 
the combustible mixture the time ignition the spark, and such nuclei 
would formed pyrolysis the hydrocarbon would not appear until 
late the explosion period. the circumstances the period time between 
the passage the spark and the attainment maximum pressure when 
using nearly ‘correct’ mixture was times that observed 
Withrow and Rassweiler the engine combustion experiments just described. 
Moreover Fenning did not obtain detonation until the mixture was made 
overrich petrol, 10.7 circumstance promoting the forma- 
tion carbon pyrolysis the mixture ahead the flame. The explosion 
time could not then observed because the indicator mirror was knocked 
off the pivots. However, 12.9 mixture which just did 
not detonate, the explosion time was 0.0682 sec. compared with the 0.0780 
sec. observed when the mixture was nearly ‘correct’. 


The relatively long explosion time bomb usually attributed the 
degree turbulence the mixture being less than engine conditions, but 
the Withrow and Rassweiler experiments the engine speed was 900 r.p.m. 
only, the combustion space was not turbulent type, and the photographs 
not show any mass movement the burning mixture until late the 
combustion period. The conclusion that the extremely high rate flame 
propagation engine due large part the carbon nuclei necessarily 
present throughout the combustible mixture. 


Conclusions 


The revised nuclear theory self-ignition, which substitutes carbon 
particles due pyrolysis for the liquid drops the Callendar theory, 
complementary the revised theory surface oxidation developed Parts 
II, and III account for the effect metallic antiknocks delay 
prevent detonation carburetor engines using hydrocarbon fuels. Thus the 
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unburned mixture ahead the flame subjected simultaneously pyrolysis 
and oxidation the contact surfaces. The extent the heterogeneous 
oxidation reaction and the nature the products depends the degree 
turbulence the mixture, the nature and temperatures the surfaces, and 
the combustible mixture. The products the reaction may aldehyde, 
carbon oxides, and steam varying proportions and are carried into the body 
the end gas turbulence and can detected therein chemical 
spectroscopic methods analysis. The end gas, diluted accordingly, tends 
become noninflammable finely divided carbon when the nature and 
temperature contact surfaces are such that steam and carbon dioxide 
constitute large proportion the products the heterogeneous reaction. 
That is, whether not detonation occur particular conditions depends 
the result race between pyrolysis and heterogeneous oxidation reaction. 
Detonation may described popular terms differing from the familiar 
dust explosion solely that the combustible dust distributed ignitable 
mixture air and gaseous fuel instead air only. 
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